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Edited by Sandro SonninoAbstract Adenylate forming enzymes play an important role in
nature as they are involved in a number of essential biochemical
pathways. In this study, we investigated the ability of a set of
structurally related recombinant bacterial adenylate forming en-
zymes derived from nonribosomal peptide synthetases for their
ability to synthesize acyl-CoAs in vitro. Adenylation-domains
normally transfer their reactive aminoacyl-adenylates onto the
covalently attached 4 0-phosphopantetheine moiety of small car-
rier proteins. In detail, DltA, DhbE, GrsA-A, TycB3-A, and
TycC3-A were investigated for their ability to synthesize acyl-
CoAs. As reference, acetyl-CoA-synthetase (Acs) of B. subtilis
was utilized, which naturally synthesizes acetyl-CoA from ace-
tate, CoA-SH and ATP. Interestingly, all enzymes were capable
of producing acyl-CoAs, albeit with diﬀering eﬃciencies. Surpris-
ingly, both CoA-SH and ATP were observed to inhibit the adeny-
lation reaction at higher concentrations. Product quantiﬁcation
for kinetic determination was carried out by ESI-SIM-MS.
Our results allow speculation as to evolutionary relationships
within the large class of adenylate forming enzymes.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The family of adenylate forming enzymes is widely spread
in nature, including representatives such as tRNA-syntheta-
ses, fatty-acyl-CoA-synthetases [1], acetyl-CoA-synthetase
(Acs) [2], ﬁreﬂy luciferase [3], and adenylation-domains (A-
domains) derived from nonribosomal peptide synthetases
(NRPSs) [4,5]. Characteristic of these enzymes is the ﬁrst
reaction step, the selective substrate recognition and activa-
tion as acyl-O-AMP under adenosine 5 0-triphosphate (ATP)
consumption. The subsequent reaction step diﬀers signiﬁ-Abbreviations: A, adenylation domain; ATP, adenosine 5 0-triphos-
phate; CoA, coenzyme A; HPLC, high performance liquid chromato-
graphy; NRPS, nonribosomal peptide synthetase; PCP, peptidyl
carrier protein; 40-Ppant, 4 0-phosphopantetheine; PPi, inorganic pyro-
phosphate; SIM, single ion mode
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been applied in nature for the transfer of the reactive adeny-
lated substrates: either to small molecules such as CoA-SH
(Acs or fatty-acyl-CoA synthetases) or molecular oxygen
(luciferase), or to biopolymer acceptor molecules like tRNAs
(tRNA-synthetases) or in the case of A-domains peptidyl-car-
rier-proteins (PCPs).
In addition to the mechanistic relationships within this group
of enzymes, many members also share high structural homol-
ogy. For example, the overall folds of ﬁreﬂy luciferase [3] and
Acs [2] are very similar to those of the NRPS A-domains [6,7]
(compare Fig. 2). In the case of the NRPS A-domains, the com-
bination of structural information and an abundance of se-
quence information led to the identiﬁcation of 10 amino acids
that form the substrate binding pocket [8], the so-called non-
ribosomal code, which contributed signiﬁcantly to deciphering
the substrate speciﬁcity of the A-domains. Furthermore, adeny-
lation domains are known to exhibit 10 core motifs (A1–A10)
which are highly conserved [9].
This conservation in structure, as well as the existence of fur-
ther functional counterpart domains within polyketide and
fatty acid synthetases (such as acyl carrier proteins (ACPs),
corresponding to PCPs) [10] suggests that this group of aden-
ylate forming enzymes may share common ancestry in the pri-
mary metabolic synthesis of fatty acids. Indeed, it has been
shown that ﬁreﬂy luciferase is able to act as a long chain fatty
acyl CoA synthetase [11] as well as being able to generate
luciferyl-CoA [12].
The formation of aminoacyl-CoAs and aminoacyl-4 0-phos-
phopantetheines catalyzed by tRNA-synthetases has been re-
ported by Jakubowski, who hypothesized that the present
day aminoacyl-tRNA-synthetases may have originated from
ancestral forms involved in non-coded thioester-dependent
peptide synthesis similar to the present day NRPSs [13]. How-
ever, the structures of tRNA-synthetases diﬀer signiﬁcantly
from those of the A-domains [14].
In the present study, we have tested a set of six structur-
ally related adenylate forming enzymes of diverse origin
(derived from the Bacillibactin, Gramicidin S and Tyrocidine
NRPS-systems of B. subtilis and B. brevis, respectively) for
their ability to synthesize acyl-CoAs in vitro: Acs (which
naturally transfers acetate onto CoA-SH), two stand-alone
A-domains, DltA (involved in the D-alanylation of lipotei-
choic acid) [15], DhbE (which activates 2,3-dihydroxybenzoate
for the synthesis of the siderophore Bacillibactin) [16], and
three module integrated A-domains GrsA-A (for the incorpo-
ration of Phe in Gramicidin S), TycB3-A and TycC3-A (incor-
poration of Phe and Tyr in Tyrocidine, respectively) (see
Fig. 3).blished by Elsevier B.V. All rights reserved.
Fig. 1. (A) Schematic presentation of the reactions catalyzed by adenylate forming enzymes. These enzymes catalyze the formation of acyl-AMPs
under hydrolysis of ATP. The acyl-groups are subsequently transferred onto acceptor molecules by a nucleophilic attack on the carbonyl-group of
the acyl-AMP phosphoester. (B) Enzymes involved in primary metabolism. (C) Enzymes belonging to secondary metabolism.
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2.1. Formation of acyl-Coenzyme A
In this study, we tested a set of structurally related adenylate
forming enzymes of diverse origin for their ability to synthesize
acyl-CoAs in vitro. The single step aﬃnity puriﬁed enzymes
Acs, DltA, DhbE, GrsA-A, TycB3-A, and TycC3-A were
assayed with their cognate substrates (acetate, D-Ala, 2,3-
dihydroxybenzoate, Phe, Phe, and Tyr, respectively), ATP
and CoA-SH. Acs of B. subtilis, which transfers acetate natu-
rally to CoA-SH under ATP consumption, was used as a ref-
erence. The other enzymes naturally transfer their activatedsubstrates onto the 4 0-Ppant moiety of speciﬁc carrier proteins.
Interestingly, high performance liquid chromatography
(HPLC)-MS analysis revealed the enzyme dependent synthesis
of the desired acyl-CoAs in all cases, but with diﬀerent rates.
To determine the kinetics of acyl-CoA formation, it was neces-
sary to quantify the increase of product in relation to the reac-
tion time. Due to a lack of suitable standards (the only relevant
commercially available acyl-CoA is acetyl-CoA and acylation
of CoA with aromatic amino-acids would have a signiﬁcant
impact on the molar extinction coeﬃcient at 215 nm), product
quantiﬁcation by UV spectroscopy was deemed unsuitable.
Therefore, we established an ESI-MS-based SIM-method for
Fig. 2. Domain organization observed for adenylation forming enzymes, consisting of a large N-terminal and a small C-terminal domain; for
comparison, the N-terminal domains are in equivalent orientations. Positions of functionally equivalent residues, highlighted as small spheres, serve
to illustrate the rearrangements of the small domain: pink C-terminus (corresponding to residue Gly536 in DhbE [7]); (i) light blue basic residue
involved in adenylation half-reaction (DhbE Lys519) and (ii) yellow basic residue involved in thiolation half-reaction (DhbE Lys439). (A) Fireﬂy
luciferase [3], crystallized in the absence of substrates, exhibits an open conformation, with virtually no contacts between the two domains. (B) The
structure of DhbE [7] was solved in the presence of 2,3-dihydroxybenzoic acyl adenylate (yellow sticks). The active site is tightly clamped between the
two domains; this organization appears to be associated with the adenylation half reaction. (C) The structure of acetyl-CoA-synthetase (Acs) [2] in
the presence of an inhibitor (adenosine-50-propyl phosphate, yellow sticks) and CoA-SH (green). The small domain is rotated 140 with respect to
that seen in (B), reconﬁguring the active site for the thiolation half reaction. Note the positional exchange of the two basic residues.
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acyl-CoAs reveal similar ionization eﬃciencies under neutral
pH-conditions in the negative ion mode due to the negatively
charged phosphate groups of CoA-SH.
Unexpectedly, the acyl-CoA formation activity increased to
a certain CoA-SH level in the reaction mixture and then con-
tinuously decreased at higher CoA-SH concentrations for all
enzymes tested, indicating inhibition. The kinetic data for all
six enzymes are summarized in Table 1.
As expected, the catalytic eﬃciency was highest for Acs (kcat/
Km 45000 min
1 M1). Interestingly, DltA, a stand-alone A-
domain which belongs to the primary metabolism and is in-
volved in bacterial cell wall biosynthesis, showed the highest
activity within the remaining group of enzymes (kcat/Km
31 min1 M1), three orders of magnitude less than that of
Acs. The activity of DhbE (kcat/Km 4 min
1 M1), a stand-
alone A-domain involved in the synthesis of the bacterial
siderophore Bacillibactin in B. subtilis, was reduced by another
8-fold compared to DltA. The module integrated NRPS A-do-
mains revealed the lowest acylation activities for CoA-SH
(TycB3-A kcat/Km 1.3 min
1 M1, TycC3-A kcat/Km 0.3 min
1
M1, and GrsA-A kcat/Km 0.02 min
1 M1).
The main drawback to aminoacyl-CoA synthesis of those
enzymes that do not normally utilize CoA-SH as an acceptor
molecule is the observed inhibition caused by CoA-SH itself.
At low CoA-SH concentrations, substrate binding is insuﬃ-
cient and at higher concentrations, the adenylation reaction
is inhibited. Therefore we set out to analyse this observed inhi-
bition in more detail.
2.2. Inhibition kinetics of the adenylation reaction with CoA-SH
as inhibitor
To verify the CoA-SH inhibition of the acylation reaction
observed in the HPLC-MS based acylation assays, the PPi-ex-
change assay was applied. The CoA-SH concentrations in the
reaction mixtures were varied in the range of 10 lM to 40 mM.
The Ki-values observed (Table 1) were in the same ranges asdetermined by the acylation assays (e.g. Acs 1.7 vs. 1.9 mM
CoA-SH, and TycB3-A 12.6 vs. 7.1 mM CoA-SH). The fact
that the PPi-exchange assay was also aﬀected by CoA-SH at
higher concentrations indicates that the adenylation reaction
itself and not the transfer of the acyl-group from acyl-AMP
to CoA-SH is aﬀected.
Comparing the structures of ATP and CoA-SH, we hypoth-
esized that ATP-binding by the adenylation domains may be
inhibited by CoA-SH in a competitive manner. Consequently,
we tried to reduce this inhibitory eﬀect of CoA-SH by increas-
ing the ATP concentration up to 25 mM at constant CoA-SH
concentrations within the PPi exchange assay. Most surpris-
ingly, ATP itself revealed an inhibitory eﬀect at higher
amounts. Concentrations around 4 mM were observed to be
optimal. Increasing ATP concentrations resulted in reduced
adenylation activities.
Thus, the inhibition observed by CoA-SH is not due to com-
petition for the ATP-binding site. Structural information has
established that the adenylate forming enzymes are composed
of two structural subdomains, with a ﬂexible linker peptide
and the active site sandwiched in between [2,3,6,7]. Evidence
has been accumulating that the relative orientations of the sub-
domains are signiﬁcantly diﬀerent for the two half reactions
depicted in Fig. 1A [2,17,18]. A 140 rotation of the C-terminal
domain reconﬁgures the active site from one allowing for ade-
nylation to one for thiolation (compare Fig. 2). It is therefore
possible that high concentrations of the thiol substrate (in this
case CoA-SH) could force the C-terminal domain into the
‘thiolation’ orientation, thereby inhibiting the adenylation
reaction. The mechanism of inhibition of the adenylation reac-
tion by ATP remains unclear, however.
2.3. Evidence for the evolutionary process of adenylate forming
enzymes
Summarizing the kinetic data observed in this study, one
may speculate about the evolutionary process of the large class
of adenylate forming enzymes. The results presented here
Fig. 3. The origins of the enzymes utilized in this study are shown. Adenylate forming enzymes or domains are shown in red. (A) Acs is a stand-alone
adenylate forming enzyme, which transfers naturally acetate onto coenzyme A. (B) DltA is involved in cell wall biosynthesis of B. subtilis. It naturally
activates D-Ala and transfers it to DltC, a peptidyl-carrier protein (PCP). (C) DhbE is involved in the initiation of Bacillibactin synthesis, a
siderophore of B. subtilis. The substrate of this stand-alone A-domain is 2,3-DHB, which is activated and subsequently transferred onto the aryl-
carrier protein (ArCP) domain of DhbB. (D) TycB3-A and TycC3-A originate from elongation modules of the tyrocidine synthetase of B. brevis.
(E) GrsA-A is the adenylation domain of the initiation module of tyrocidine biosynthesis.
Table 1
Catalytic eﬃciencies for CoA-SH acylation and Ki values observed by
HPLC-MS and PPi-exchange assays
kcat/Km (min
1 M1) Ki (mM CoA-SH)
Determined by PPi-
exchange assay
Acs 45000 1.7 [1.9]
DltA 31 0.02 [0.8]
DhbE 4 0.05 [0.02]
TycB3-A 1.3 12.6 [7.1]
TycC3-A 0.3 0.02 [0.02]
GrsA-A 0.02 – [3.4]
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some evidence that the NRPS A-domains may have evolved
from an ancestral form of adenylate forming enzymes that uti-
lized CoA-SH as a small acceptor molecule for their synthe-sized reactive adenylates. This is indicated by the fact that
DltA, a stand-alone enzyme involved in primary metabolism
of bacteria, shows the highest activity for acylation of CoA-
SH (kcat/Km 31 min
1 M1) after Acs. Similarly, the stand-
alone A-domain DhbE is also able to acylate CoA-SH at a
reduced rate (kcat/Km 4 min
1 M1), possibly reﬂecting a
divergence of function required for its role in secondary metab-
olism. Finally, the A-domains integrated in NRPS-modules
(GrsA-A, TycB3-A and TycC3-A) seem to have diverged the
furthest, with only a residual activity towards CoA-SH. These
enzymes seem to have adapted to a dedicated role in the NRPS
assembly line, speciﬁcally recognizing the 4 0-phosphopanthei-
nyl moiety attached to their cognate PCPs. This is also re-
ﬂected by a phylogenetic comparison of Acs, DltA, DhbE,
TycB3-A, TycC3-A, and GrsA-A with other bacterial adenyla-
tion domains as shown in Fig. 4. Although Acs shows an over-
all identity to adenylation domains of 20% and exhibits similar
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Fig. 4. Phylogenetic comparison of Acs, DltA, DhbE, TycB3-A,
TycC3-A, and GrsA-A with other bacterial adenylation domains
(enzymes utilized within this study are shaded by a grey box). Acs
diﬀers from the other enzymes. Also DltA (stand alone A-domain of
primary metabolism) and DhbE (stand alone A-domain of secondary
metabolism) cluster separately and near to Acs, indicating that they are
more similar to Acs than the other ones. This correlates well with the
biochemical data gained within this study.
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clearly separates from the other enzymes within the phyloge-
netic tree. Also DltA and DhbE cluster separately and near
to Acs, indicating that they are more similar to Acs than the
other ones which are NRPS module integrated.3. Experimental
Cloning of the recombinant peptide synthetase genes, protein over-
production and puriﬁcation of the His6-tagged proteins has been
described previously [6,15,19,20]. Puriﬁcation after single step Ni2+-
aﬃnity chromatography was conﬁrmed by SDS–PAGE. The protein
concentrations were assigned using the calculated extinction coeﬃ-cients for the A280 of the enzymes as follows (GrsA-APhe
64060 M1 cm1, DhbE-ADhb 60460 M
1 cm1, TycC4-AVal 41870
M1 cm1, DltAD-Ala 49650 M
1 cm1, AcsAcetate 126530 M
1 cm1,
TycB3-APhe 58370 M
1 cm1, TycC3-ATyr 54770 M
1 cm1).
3.1. ATP-PPi exchange reaction
Adenylation domain inhibition kinetics for CoA-SH and ATP
were examined by applying the ATP-PPi-exchange assay as described
previously [21]. For inhibition kinetics, the concentrations of
CoA-SH or ATP in the assay mixtures were varied in the range of
10–40 mM.
3.2. Coenzyme A acylation assay
Enzymes (ﬁnal concentrations 10 lM except Acs (1 lM), and DltA
(5.7 lM)) were incubated at 37 C in assay buﬀer (50 mM HEPES,
100 mM NaCl, 1 mM ethylendiamintetraacetic acid, 10 mM MgCl2,
pH 7.5) with 4 mM ATP, 1 mM substrate (amino)-acids and varying
concentrations of CoA. The assays were quenched at distinct time
points by the addition of 20% TFA, incubated on ice (5 min) and cen-
trifuged (13000 rpm, 2 min). The supernatant was subsequently trans-
ferred to HPLC-vials and directly measured, due to the very slow
hydrolysis of thioesters even under acidic conditions.
3.3. HPLC-MS method for identiﬁcation and quantiﬁcation of
acyl-CoAs
Separation of the reaction products was achieved on a 250/2-Nucle-
odur-C18-Pyramid reversed phase column by applying the following
gradient at a ﬂow rate of 0.3 mL min1 (buﬀer A: 2 mM triethyl-
amine/water; buﬀer B: 2 mM triethylamine/80% acetonitrile/20% water
(v/v)): loading 5% buﬀer B, after 5 min linear gradient up to 30% buﬀer
B in 20 min, followed by a linear gradient up to 95% buﬀer B in 4 min,
and then holding 100% buﬀer B for 2 min. The products were identiﬁed
by UV detection at 215 nm and by on-line ESI-MS analysis with an
Agilent 1100 MSD in the negative SIM-mode (SIM, single ion moni-
toring).
An internal standard is normally required for quantiﬁcation with
MS. Acetyl-CoA (which is commercially available and structurally re-
lated to the formed products) was therefore used as internal standard.
As we observed that the ion source of the Agilent 1100 MSD was very
stable over several days, acetyl-CoA was used as an external standard.
The calibration with acetyl-CoA was veriﬁed several times during the
measurements.
3.4. Calculation of kinetic data
The kinetic data were calculated with the single substrate model of
the Enzyme Kinetics Module of SigmaPlot (Version 8.0, SPSS Science
Inc.). The Michaelis–Menten/uncompetitive Inhibition model was
found to ﬁt the experimental data best. Due to the substrate inhibition
observed, however, the ﬁtted Km and kcat values are only computed
theoretical values and consequently exhibit quite high margins of error.
We therefore decided only to state the determined catalytic eﬃciencies
(Km/kcat; Table 1).
Acknowledgements: We thank Martin Hahn for critical reading of the
manuscript and the lab student Oliver Klotz for providing technical
assistance in initial experiments. The project was funded by the Deut-
sche Forschungsgemeinschaft (Schwerpunktprogramm 1152 ‘‘Evolu-
tion metabolischer Diversita¨t’’).References
[1] Caviglia, J.M., Li, L.O., Wang, S., DiRusso, C.C., Coleman, R.A.
and Lewin, T.M. (2004) Rat long chain acyl-CoA synthetase 5,
but not 1, 2, 3, or 4, complements Escherichia coli fadD. J. Biol.
Chem. 279, 11163–11169.
[2] Gulick, A.M., Starai, V.J., Horswill, A.R., Homick, K.M. and
Escalante-Semerena, J.C. (2003) The 1.75 A crystal structure of
acetyl-CoA synthetase bound to adenosine-5 0-propylphosphate
and coenzyme A. Biochemistry 42, 2866–2873.
[3] Conti, E., Franks, N.P. and Brick, P. (1996) Crystal structure of
ﬁreﬂy luciferase throws light on a superfamily of adenylate-
forming enzymes. Structure 4, 287–298.
910 U. Linne et al. / FEBS Letters 581 (2007) 905–910[4] Schwarzer, D., Finking, R. and Marahiel, M.A. (2003) Nonrib-
osomal peptides: from genes to products. Nat. Prod. Rep. 20,
275–287.
[5] Finking, R. and Marahiel, M.A. (2004) Biosynthesis of nonrib-
osomal peptides 1. Annu. Rev. Microbiol. 58, 453–488.
[6] Conti, E., Stachelhaus, T., Marahiel, M.A. and Brick, P. (1997)
Structural basis for the activation of phenylalanine in the non-
ribosomal biosynthesis of gramicidin. Embo J. 16, 4174–4183.
[7] May, J.J., Kessler, N., Marahiel, M.A. and Stubbs, M.T. (2002)
Crystal structure of DhbE, an archetype for aryl acid activating
domains of modular nonribosomal peptide synthetases. Proc.
Natl. Acad. Sci. USA 99, 12120–12125.
[8] Stachelhaus, T., Mootz, H.D. and Marahiel, M.A. (1999) The
speciﬁcity-conferring code of adenylation domains in nonriboso-
mal peptide synthetases. Chem. Biol. 6, 493–505.
[9] Marahiel, M.A., Stachelhaus, T. and Mootz, H.D. (1997)
Modular peptide synthetases involved in non-ribosomal peptide
synthesis. Chem. Rev. 97, 2651–2673.
[10] Weber, T., Baumgartner, R., Renner, C., Marahiel, M.A. and
Holak, T.A. (2000) Solution structure of PCP, a prototype for the
peptidyl carrier domains of modular peptide synthetases. Struct.
Fold Des. 8, 407–418.
[11] Oba, Y., Ojika, M. and Inouye, S. (2003) Fireﬂy luciferase is a
bifunctional enzyme: ATP-dependent monooxygenase and a long
chain fatty acyl-CoA synthetase. FEBS Lett. 540, 251–254.
[12] Fraga, H., Esteves da Silva, J.C. and Fontes, R. (2004) Identi-
ﬁcation of luciferyl adenylate and luciferyl coenzyme a synthe-
sized by ﬁreﬂy luciferase. Chembiochem 5, 110–115.
[13] Jakubowski, H. (1998) Aminoacylation of coenzyme A and
pantetheine by aminoacyl-tRNA synthetases: possible link
between noncoded and coded peptide synthesis. Biochemistry
37, 5147–5153.[14] Weber, T. and Marahiel, M.A. (2001) Exploring the domain
structure of modular nonribosomal peptide synthetases. Structure
(Camb) 9, R3–R9.
[15] May, J.J., Finking, R., Wiegeshoﬀ, F., Weber, T.T., Bandur, N.,
Koert, U. and Marahiel, M.A. (2005) Inhibition of the D-
alanine:D-alanyl carrier protein ligase from Bacillus subtilis
increases the bacterium’s susceptibility to antibiotics that target
the cell wall. Febs J. 272, 2993–3003.
[16] May, J.J., Wendrich, T.M. and Marahiel, M.A. (2001) The dhb
operon of Bacillus subtilis encodes the biosynthetic template for
the catecholic siderophore 2,3-dihydroxybenzoate-glycine-threo-
nine trimeric ester bacillibactin. J. Biol. Chem. 276, 7209–7217.
[17] Hisanaga, Y. et al. (2004) Structural basis of the substrate-
speciﬁc two-step catalysis of long chain fatty acyl-CoA synthetase
dimer. J. Biol. Chem. 279, 31717–31726.
[18] Branchini, B.R., Southworth, T.L., Murtiashaw, M.H., Wilkin-
son, S.R., Khattak, N.F., Rosenberg, J.C. and Zimmer, M. (2005)
Mutagenesis evidence that the partial reactions of ﬁreﬂy biolu-
minescence are catalyzed by diﬀerent conformations of the
luciferase C-terminal domain. Biochemistry 44, 1385–1393.
[19] Linne, U., Doekel, S. and Marahiel, M.A. (2001) Portability of
epimerization domain and role of peptidyl carrier protein on
epimerization activity in nonribosomal peptide synthetases. Bio-
chemistry 40, 15824–15834.
[20] Mootz, H.D. and Marahiel, M.A. (1997) The tyrocidine biosyn-
thesis operon of Bacillus brevis: complete nucleotide sequence and
biochemical characterization of functional internal adenylation
domains. J. Bacteriol. 179, 6843–6850.
[21] Linne, U. and Marahiel, M.A. (2000) Control of directionality in
nonribosomal peptide synthesis: role of the condensation domain
in preventing misinitiation and timing of epimerization. Biochem-
istry 39, 10439–10447.
